Silicon (Si) has been recognized as a promising anode material for the next-generation high-capacity lithium (Li)-ion batteries because of its high theoretical energy density. Recent in situ transmission electron microscopy (TEM) revealed that the electrochemical lithiation of crystalline Si nanowires (c-SiNWs) proceeds by the migration of the interface between the lithiated Si (Li x Si) shell and the pristine 
Introduction
The ubiquitous applications of high-capacity lithium-ion batteries (LIBs), particularly in portable electronics and electric vehicles, have spurred a vigorous search for high-capacity electrode materials. 1 Among all potential anode materials, Si has been recognized as an excellent electrode for the next-generation LIBs. 2 Upon lithiation at high temperature, [2] [3] [4] [5] [6] [7] Si is transformed into Li x Si alloys with x as high as 4.4 (corresponding to a massspecific capacity of 4200 mA h g À1 compared to 372 mA h g À1 of graphitic anodes). Due to a large surface-to-volume ratio and a shortened electron and ion transport distance, nano-sized Si anodes are particularly advantageous for their higher chargingdischarging rate and efficient facile strain relaxation. 8 During lithiation, c-SiNWs undergo large volumetric expansion (B300%), leading to crack nucleation and growth, and hence capacity loss. [9] [10] [11] [12] [13] [14] Recent TEM studies have revealed the atomistic mechanism of the dynamic lithiation of c-Si. 15 This study illustrated that lithiation of c-Si involves lateral movement of ledges through layer-by-layer peeling-off of the close-packed {111} atomic planes. 15 This atomic lithiation process results in highly anisotropic volume expansion, which is large along h110i and small along h111i crystallographic directions. This anisotropic swelling leads to the stress concentration and crack nucleation at the intersection of neighboring {110} planes of lithiated outer shells, as demonstrated by scanning electron microscopy (SEM) and TEM studies. [16] [17] [18] The stress effect on the Li transport rate in c-Si and a-Si during charging and discharging processes has also been a subject of research. TEM studies revealed that the growth rate of the amorphous Li x Si shell (the speed of the reaction front) during lithiation of c-SiNWs 19 or c-SiNPs 20 decreases as lithiation proceeds. The reduced growth rate is mainly due to the slowing down of the reaction front movement since lithiation of nanostructures is reaction limited. The slowing down of the reaction front was attributed to the compressive stress at the reaction front and in the lithiated shell. 15, [19] [20] [21] [22] The time evolution of stress in electrodes during lithiation has been examined within a wide variety of electrochemical systems using the cantilever beam-bending [23] [24] [25] and the multi-beam optical sensor (MOS)
technique. 26 The maximum measured stress is B10-12 MPa for graphitic based anodes, 27 and 0.5 GPa for the amorphous layer of lithiated Si anodes. 28 These values provide important constraints for the development of reliable continuum mechanics models. Several computational efforts have been undertaken to understand the lithiation process of c-Si, especially on the stress generation and fracture in Si. The continuum-based analytical model by Zhao et al. 29 36 Tritsaris et al. also calculated the migration barriers pertinent to the Li insertion into a-Si for several pathways and found dissimilar values ranging from relatively low energy barriers (o0.5 eV) to barriers as high as 2.4 eV. 34 The lithiation reaction of c-Si 37-40 and a-Si 41 has been studied extensively using first principles calculations. By modifying the algorithm proposed by Chevrier and Dahn, 42 Chan et al.
40
performed a series of ab initio simulations to rationalize the experimentally observed lithiation behaviors of c-Si. Their results showed that Li insertion into the Si(110) surface is thermodynamically more favorable than the (100) or the (111) surface. The dynamic atomic process involved in the reaction of Li and Si including stress effects has not yet been thoroughly studied, partly because of the lack of reliable interatomic potentials for Li-Si systems. In this paper, we carry out ReaxFF-based MD simulations to examine lithiation dynamics in c-SiNWs at the atomic scale. We compare the migration barriers of Li in a-Si obtained by ReaxFF with those obtained by DFT calculations to validate the Li/Si ReaxFF. We quantify the lithiation-induced stress distribution and the effect of bi-axial stress on the lithium insertion kinetics in lithiated c-SiNWs. Our results demonstrate the decisive role of local stress in the migration of the interface between lithiated and pristine Si.
Computational details
ReaxFF potential for the Si-Li system
Since the initial lithiation of c-SiNWs at room temperature involves chemical reactions and possibly fracture, the interatomic potential for MD simulations should be able to describe the bond breaking and bond formation processes accurately. The ReaxFF for Si-Li systems developed by van Duin et al. 43 is adequate for this purpose. ReaxFF has been successfully used for studying both anode 44, 45 and cathode 46 battery materials in LIBs. Similar to non-reactive potentials, the system energy in a ReaxFF-based model is composed of several partial energy terms. The ReaxFF utilizes bond order and bond distance relations, as first introduced by Abell, 47 which can handle both bond breaking and forming by calculating the transition states of chemical reactions. 48 The total system energy is obtained by summing over several energy terms including the electron lone pairs, over-coordination, under-coordination, valence and torsion angles, conjugation, hydrogen bonding, and van der Waals and Coulomb interactions. ReaxFF determines a partial charge of individual atoms based on the electronegativity equalization method (EEM) that provides a geometry-dependent charge distribution. 49 The exact functional descriptions of each term of the ReaxFF potential are presented in detail in previous publications. 50 In the present study, we use the force field parameters by Fan et al. 51 The system-specific parameters contained in the ReaxFF potential were optimized against a DFT training set consisting of bulk c-Li x Si and a-Li x Si phases. This force field has been successfully used to determine the mechanical properties of a-Li x Si alloys 51 as well as the diffusion of Li within c-Si. Energy barriers for diffusion of Li atoms in a-Si were not explicitly included in the training set. As a critical test of the accuracy of the ReaxFF method, we first investigated the energy barriers for diffusion of a single Li atom through a diamond cubic super-cell of 64 Si atoms, corresponding to a 2 Â 2 Â 2 multiple of the 8-atom diamond cubic cell. We also evaluated the ReaxFF barriers in amorphous bulk structures of Si adapted from ref. 34 . In that study, the pathways for atomic Li diffusion and the corresponding energy barriers of Li migration within crystalline silicon and fourfold coordinated a-Si were obtained using DFT-based nudged elastic band (NEB) calculations. Here, we use a bond-restraint approach to find the minimum energy pathways on the potential energy surface between two sites for Li insertion that represents stable local energy minima. To explore the Li migration pathways between two equilibrium neighboring sites of the Li atom, a penalty potential function is added to the ReaxFF energy to maintain the distance between two adjacent sites using the expression
In this expression, f 1 and f 2 are constants; during each MD step, the value of the distance between two sites r ij is modified to sample the pathway between two local minima separated by the initial distance r 0 . For the case of a single Li atom in c-Si, the thermodynamically favorable site for Li atom insertion is the tetra- Reactive MD simulations using ReaxFF MD simulations were carried out in the microcanonical ensemble using the velocity Verlet algorithm with a time step of 0.25 fs using the ReaxFF, implemented in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package. To elucidate the lithiation process in c-SiNWs, similar to the experimental settings, 15 we constructed a h112i-oriented c-SiNW of width 8.43 nm and height 9.22 nm, containing 5976 Si atoms. As shown in A reflective boundary condition was applied on the top layer to keep the Li atoms from exiting the simulation box. The bottom layer is kept fixed, while the rest of the system is allowed to equilibrate. Within the NVT ensemble the structure is initially equilibrated at very low temperature (B1 K) using the Nosé-Hoover thermostat for 10 ps. Then the temperature was gradually increased to 600 K with a rate of 0.048 K fs À1 . The system was subsequently equilibrated at 600 K at the end of simulation (B2.2 ns). The structures at successive stages of lithiation were analysed using the radial distribution function (RDF), defined as the probability of finding a particle in the distance r from a central particle:
where n(r) is the number of atoms located inside a shell within the region of r AE Dr/2. Here, Dr denotes the thickness and r = V/ N is the bulk number density in which N represents the number of particles in the model volume V. Using the RDF the number of atoms located in the first coordination shell, referred to as the first coordination number CN, is obtained as:
where r 1 is the first minimum in the g(r) curve. In the present study we use CN to find the number of four-fold coordinated Si-atoms in the crystal nanowire region. Based on the calculated RDF of c-SiNW, the first, second, third and fourth nearest neighbors of Si atoms are located on average at 0.23 nm, 0.38 nm, 0.44 nm, and 0.53 nm, respectively, which are close to both DFT and experimental values for c-SiNWs. 52 The RDFs pertinent to the lithiation steps are obtained by extracting configurations at 0.15 ps intervals from the MD trajectories between 6 and 30 ps after the system has reached equilibrium.
Stress evaluation
The stress calculations are based on the definition of virial stress:
with O the atomic volume of particle i, r i À r 0 i is the displacement of atom i with respect to its reference position, r ij = r i À r j is the distance between atoms labeled i and j, and f ij is the force on atom i. The virial stress can generally be interpreted in a volume and time average sense, according to derivation given in ref. 53 . We calculated the stress as the symmetrized per-atom stress tensor. The stress distribution will be used to study the influence of pressure on the reaction of Li and Si during insertion of lithium atoms into SiNW anodes of LIBs.
Results and discussion

Degradation of c-SiNW during lithium insertion
To model the mechanism of solid-state amorphization, we performed a series of MD simulations at elevated temperatures in order to speed up the Li diffusion in Si. During the amorphization process, the negative heat of formation of Li x Si phases causes the Li atoms to move into the pristine Si{111} surface along the h110i direction, and accumulate locally near the Li/Si interface by forming the first lithiated layer. In the present study, motivated by previous DFT studies through which the amorphous Li-Si structures were thermalized at high temperature (900-1500 K), 54, 55 we employ a temperature ranging from 600-1200 K. Fig. 3a -h display the morphological evolution of c-SiNW upon Li insertion. These results can be directly compared to the high-resolution TEM images reported in ref. 15 . As seen in Fig. 3a , Li prefers to occupy the first available tetrahedral sites (T d ) in the first sub-layer and lithiation proceeds by the simultaneous lateral ledge flow of silicon (indicated by colored arrows) at the interface layer and peelingoff of {111} planes. Fig. 3a-h clearly demonstrate that the [110] direction is the primary channel for Li diffusion. The atomically resolved lithiation dynamics shown in Fig. 3a -h agree with the high resolution TEM studies (Fig. 2 of ref. 15 ). Additional Li insertion occurs when Li atoms occupy the remaining tetrahedral (T d ) sites between two adjacent (% 1% 11) planes consecutively and breaks the Si-Si bonds lying on the zigzag-like (% 1% 11) sites. Each monolayer of the {111} surfaces is lifted-off when all four possible T d sites below the surface are occupied and all the Si-Si covalent bonds between the two bilayers, the one forming the Fig. 3 Atomistic mechanism of the phase boundary evolution during initial lithiation of c-SiNW: (a-h) the movement of the amorphouscrystalline interface, which mimics the peeling-off process observed in experiment. 15 The layer-by-layer peeling-off mechanism (Layer 1 in (a) to surface and the one directly below it, break. Dissolution of the dissociated c-Si layers through the addition of Li leads to an amorphous layer of Li x Si separated by a thin layer of lithiated Si, forming the so-called amorphous crystalline interface (ACI). The ACI-layer has a thickness of about 1 nm. The thickness does not change as the reaction front propagates. This observation is consistent with previous DFT 37 and experimental 15 studies. As will be discussed later, the development of the ACI layer that starts with disintegrating of silicine-like {111} sheets from the surface of the nanowire proceeds by breaking down these planar structures into zigzag chains and isolated Si atoms at higher concentration of Li. To elucidate the structural evolution of the Si network upon lithiation, we compare in Fig. 4 the radial pair distribution functions g Si-X (r) (with X = Si in Fig. 4a and X = Li in Fig. 4b ), corresponding to the successive steps (Layer 1 to Layer 8) of peeling-off of c-Si. As seen from this figure, during the lithiation procedure, the total number of Si-Si neighbors decreases, while the number of Li-Si neighbors increases. The sharp peaks in the g(r), especially those associated with the second and third nearest neighbors, diminish due to the disruption in the initial c-Si structure. The loss of crystalline order and the formation of the amorphous layer of lithiated Si are indicated by lower and broader peaks. Moreover, the shifting of the peaks to larger Si-Si bond length indicates the occurrence of a phase transformation within the reaction front.
The electrochemical lithiation of c-Si at room temperature results in the formation of metastable a-Li x Si phases, with a Li : Si ratio of x E 3.75. The transformation of c-Si into c-Li x Si is only observed at high temperature. As depicted by Fig. 5a and b, the progressive Li migration into the c-Si at T = 1200 K, and simultaneous growth of the a-Li x Si shell trigger the formation of an ordered phase in the middle of the lithiated amorphous layer. Comparison between the partial RDFs pertinent to the a-Li x Si layers behind the reaction-front (Fig. 5b) and those obtained from bulk c-Li 15 Si 4 phases (reported in Fig. 4 of ref. 56) illustrates the atomic similarities between these crystalline-like regions and the c-Li 15 Si 4 structures. Specifically, the peaks of radial distribution function of the Si-Si bond are located at the same position of peaks in Li 15 Si 4 reported in ref. 56 . This comparison reveals the crystallization of a-Li 15 Si 4 in our MD simulation at high temperature and high Li content. To gain a better understanding of the structural features and the composition of the various compounds during ACI formation, we evaluate the statistics of Si-rings during lithiation. The ring counting method has been used to describe medium-range order in amorphous materials (see, for example, ref. 41 and 57) .
We choose the value of r r 2.5 Å as a representative cutoff radius for identifying nearest neighbors, which corresponds to the first coordination shell of Si in the crystalline phase. Before lithiation, in the pristine Si lattice, the fourfold coordinated Si atoms form only 6-and 8-membered rings; as lithiation progresses, these rings gradually break down to smaller 5-and 7-membered rings, consisting of 5-and 7-atom chains, and dissolve into the already lithiated amorphous layer. Due to the continuous breaking of the covalent Si-Si bonds, during lithiation the number of 6-and 8-membered rings per Si atom diminishes from an initial value of 3 in pure Si to 0.09 at 600 K and to 0.04 at 900 K. The number of 6-or 8-membered rings settles to almost constant values (the lower ones mentioned) after 30 ps. We also find that at higher temperatures (1200 K), the probability of formation of 3-and 4-membered Si rings grows. The Si-Si bond weakening and breaking lead to formation of 5-and 7-membered rings which was also reported in previous DFT studies. 41, 55 Stress evolution during lithiation When Li atoms diffuse into the host Si crystal and react, a compressive stress is produced near the interface. Furthermore, the reaction between Li atoms and intact portions of the c-Si lattice induces the host atoms to flow into the already lithiated phase. The concurrent reactive flow in solids is commonly observed throughout a number of chemical processes such as inelastic deformation of cement 58 and formation and growth of oxide layers upon metal oxidation. 59 As shown in a previous section, Li-Si reactions form a sharp interface that separates the crystalline core and the lithiated shell. The nearly lithiated products at the reaction front push previously lithiated layers outward by reactive flow and large deformation. Zhao et al. 60 have shown that reactive flow in a Si anode is assisted by Li incorporation in breaking and reforming the Si-Si bonds. Here, we calculate the stress distribution in the c-SiNW during the lithiation process. To achieve this, a symmetric stress tensor was calculated for each atom using eqn (2) and its components were averaged over a length of 2.40 Å, which corresponds to the Si-Si first coordination shell in the reference Si configuration. argued that the crystalline core experiences homogeneous hydrostatic compression, applied by the previously lithiated Li x Si shell, which increases when the core size decreases. This increasing hydrostatic pressure progressively slows down the electrochemical reaction at the reaction front. As depicted in Fig. 6 the hydrostatic stress is compressive throughout the entire simulation and its absolute value increases gradually as lithiation proceeds. The stress field in the a-Li x Si shell, however, is inhomogeneous. The stress field obtained from our MD simulations is in the range of stresses reported by both continuum scale simulations (see ref. 21 ) and experiments. Since the Li insertion-induced pressure is relatively low in the early stage of simulation, the growth of the lithiated layer and the diffusion of Li atoms within the c-SiNW are much faster in the initial stages. The growing pressure can reduce the driving force for reaction and eventually can suppress it, and consequently lithiation comes to a complete stop. Up to 30 ps, Li does not alter the Si network markedly; further lithiation will rearrange the initial crystal structure through the Si-Si bond breaking and bond forming. Results of our MD simulations at T = 600 K demonstrate that the compressive hydrostatic stress, induced by Li diffusion into Si, imposes a self-limitation on the lithiation process so that it stops the Li insertion at pressures higher than 4.5 GPa. This onset of lithiation retardation has not been previously reported neither by experiments nor by simulations. The distribution of von-Mises stress (bottom set in Fig. 6a-h ) shows the atomic {111} planes which were peeled-off from the original c-SiNW and undergo plastic deformation. Moreover, this stress diminishes very fast when the detached layers break down to smaller clusters and single isolated atoms spreading out within the previously lithiated shell.
The concentration profile reveals that the average Li-concentration of the amorphous lithiated layers beyond the reaction front is about 4.3, which is in close agreement with the values reported in experimental studies about the lithiation of c-Si at high temperature. [3] [4] [5] [6] Apart from the structural resemblance of the lithiated configurations at 1200 K with the c-Li 15 Si 4 configurations, highlighted in Section 3, the obtained concentration can be inferred as evidence for the crystallization of Li rich phases in our simulations. Herein, we performed a bond count using a bond order cut-off equal to 0.3 in order to identify the bond dissociation and bond formation process during our reactive MD simulations. Based on this bond order cut-off, the distribution of Si-Si and Li-Si bonds across the simulation box was obtained and plotted as a function of time in Fig. 7a and b respectively. The number of fourfold coordinated Si atoms decreases from initial 5470 atoms to 4870 and then becomes constant as lithiation progresses, as indicated in Fig. 7b . Since the number of Si-Li bonds does not change significantly after 400 ps, here we only report the results prior to this stage in our simulations.
Effect of bi-axial compressive stress on the mechanism of c-SiNW degradation
Since diffusion and reaction both play an important role in the formation of the ACI layer, achieving a detailed understanding of the stress-mediated lithiation rate can provide guidance to the rational design of the SiNW anodes. Johari et al. 55 reported that the pressure induced on the side walls of the simulation box during the mixing of Li and Si atoms and during the formation of Li x Si amorphous phase changes from 1.5 GPa at 900 K to 3 GPa at 1200 K. This huge amount of stress affects the phase boundary evolution during the insertion of Li atoms into c-SiNWs. To examine the influence of compressive stress, a c-SiNW with a {110}-orientation was considered under applied biaxial compressive stress along the x and y directions. The Si(110) facet was chosen since the reaction front motion is faster along the h110i direction. The periodic cell dimensions are allowed to vary in the planar directions, that is, x-h001i and y-h1% 10i, by using a Berendsen barostat, but are kept constant in the z direction. In this section, the simulations were performed on a model consisting of 3839 Si and 3839 Li atoms arranged in a 6.56 nm Â 1.55 nm Â 15.49 nm simulation box. Following the same procedure described in Section 2, the system was equilibrated at 1 K prior to heating up to 600 K using a Berendsen thermostat with a 0.1 ps damping ratio under an NPT ensemble while the pressure on two sides of the c-SiNW was kept constant to the desired values ranging from 1 GPa to 3 GPa. Fig. 8 shows the time variation in the thickness of the (110)-ACI layer and the number of Li atoms below the original interface of Si and Li. Fig. 8a indicates that by increasing the confining pressure, P x and P y , the Li atoms diffuse slower toward the c-SiNW. Moreover, the rate of solid-state amorphization, which can be interpreted as the velocity of the phase boundary as obtained from the slope of the curves in Fig. 8b , decreases compared to the fast rate of growth at the early stages of lithiation. The evolution of the reaction front suggests that the kinetics of reaction is initially controlled by the interface, resulting in linear growth of the lithiated layer and switches to the diffusion controlled regime after t E 250 ps. Since each Li atom is presumed to react with the intact crystalline Si-layer due to its chemical potential, the bi-axial pressure acting on the side walls of nanowire affects the kinetics of the reaction by changing the chemo-mechanical driving forces for insertion of the Li atoms. Similar to the case of the h112i oriented c-SiNW, the lifted top layers are assimilated into the a-Li x Si phase and do not affect the progression of the reaction front. Additionally, timeevolution of the breaking Si-Si bonds and formation of Li-Si bonds, denoted by the variation of coordination-numbers associated with Si atoms in Si-Si and Si-Li pairs, shows that while the number of four-fold coordinated Si atoms gradually decreases, the Si n+ components, which bind to n = 1-9 nearest vicinal Li atoms, increase as the lithiation progresses. The growth of the lithiated (Si 1+-9+ ) layer initiates linearly at the beginning, but stops after 160 ps due to the retardation effect of lithiation-induced pressure. Our results quantitatively show that the lithiation process is strongly influenced by the decrease of the thermodynamic driving force for lithiation related to the bi-axial pressure on the side-walls of the c-SiNW.
Conclusions
In this work we presented large-scale MD simulations using the ReaxFF potential to study Li insertion into c-SiNWs in LIBs. A comparison of barrier energies obtained by ReaxFF and DFT simulations demonstrates the transferability of the potential to predict the Li-diffusion behavior in both crystalline and amorphous phases of the Si network. Our reactive MD simulations at elevated temperatures (T = 600 K, 1200 K) on a h112i c-SiNW reveal that the lithiation of c-Si proceeds by a layer-by-layer peeling-off of pristine Si layers, and features an atomically sharp interface that separates the lithiated amorphous shell and the unlithiated crystalline core. The obtained morphology of the ACI layer is in good agreement with previously reported high resolution TEM images. 15 The interlayer Si-Si bonds (between {111} bi-layers) break only when several Li atoms concentrate in the vicinity of the bond. We quantified the hydrostatic stress induced by Li diffusion as well as the von Mises stresses acting on the Si-layers upon lithiation and found that these stresses slow down the lithiation process. According to our findings, a hydrostatic pressure higher than 4.5 GPa leads to a complete stop of lithiation. Our modeling results can shed light on the chemo-mechanical insertion process of Li into the new high-capacity Si negative electrodes and provide fundamental guidance to the rational designs of the next generation high capacity electrode materials with enhanced capacity retention and durability. 
